In Saudi Arabia, including regions of Riyadh and Al Ahsa, pseudoparticle neutralisation (ppNT) and microneutralisation (MNT) tests detected no antibodies to Middle East Respiratory Syndrome coronavirus (MERS-CoV) in sheep (n= 100), goats (n= 45), cattle (n= 50) and chickens (n= 240). Dromedary camels however, had a high prevalence of MERS-CoV antibodies. Bovine coronavirus (BCoV) infected sera from cattle had no cross-reactivity in MERS-CoV ppNT or MNT, while many dromedary camels' sera reacted to both BCoV and MERS-CoV. Some nevertheless displayed specific serologic reaction profiles to MERS-CoV.
In a seroepidemiological study of domestic livestock (sheep, goats, cattle, chicken) and dromedary camels from Saudi Arabia, we find that only dromedary camels have evidence of seropositivity to Middle East Respiratory Syndrome coronavirus (MERS-CoV), suggesting an infection with a MERS-CoV-like virus. Although some dromedary camels examined had specific serologic reaction profiles to MERS-CoV, many had sera displaying reactivity to both MERS-CoV and bovine coronavirus (BCoV) and the sera appear to have an unusually broad pattern of cross-reactivity for these related viruses. This needs to be considered when interpreting seroepidemiological data by carrying out parallel microneutralisation tests for both MERS CoV and BCoV.
Middle East Respiratory Syndrome coronavirus
MERS coronavirus was recognised as a cause of severe human respiratory disease in 2012 [1] . As of 22 November 2013, 157 laboratory-confirmed, and 19 other probable cases of MERS have been reported, 69 of these being fatal [2] . Sporadic or index cases account for approximately 40% of the cases and have occurred in Jordan, Kuwait, Oman, Qatar, Saudi Arabia and United Arab Emirates. Imported cases have been reported in France, Germany, Italy, Spain, Tunisia and United Kingdom, with secondary transmission documented in some of these cases [2, 3] . Human-to-human transmission has occasionally been observed, the largest cluster of such secondary transmission being reported from Al Ahsa, Saudi Arabia [4] . Phylogenetic analysis suggests considerable diversity within MERS-CoV sequences analysed to date, with two distinct clades of virus being noted [5] .
Index cases of MERS appear to be zoonotic in origin, with contact with domestic livestock (e.g. camels, sheep) being reported in some of these patients [3] . But neither the proximate animal source of human infection nor the natural reservoir of the virus is known. Closely related, but not identical viruses have been found in species of insectivorous bats [6] . There is a preliminary report of a short fragment of virus genome almost identical to MERS-CoV reportedly found in Egyptian tomb bats [7] .
Two recent studies from Oman and Egypt respectively, two Middle-Eastern countries adjacent to affected ones, reported high rates of MERS-CoV seroprevalence in dromedary camels [8, 9] . However, there have been no seroepidemiological data of domestic livestock, camels or wildlife from affected countries, to date.
Seroepidemiological study
Serum samples were collected from dromedary camels (n= 310), sheep (n= 100), goats (n= 45), cattle (n= 50) and chicken (n= 240) from Riyadh, Al Ahsa and other regions of Saudi Arabia (Figure) .
The MERS-CoV serology methods used have been described in a previous publication [9] . The sera were heat inactivated at 56 ºC for 30 minutes and screened for antibody to MERS-CoV at a serum dilution of 1:20 in a MERS-CoV pseudoparticle neutralisation test (ppNT) [9] . Camel sera (n=56) that were seropositive at a screening dilution of 1:20 in the ppNT assay were randomly selected, representing each age group, less than one year (n=15), one to three years (n=12), four to five years (n=16) and older than five years (n=13), and was removed and 150µl of fresh culture medium was added to each well and the plates incubated at 37 ºC in 5% CO 2 in a humidified incubator. A virus back-titration was performed without immune serum to assess input virus dose.
Cytopathic effect (CPE) was read at three days post infection for MERS-CoV and four days post infection for BCoV. The highest serum dilution that completely protected the cells from CPE in half of the wells was defined as the neutralising antibody titre. Positive and negative control sera were included in each assay.
As positive controls, we used a convalescent serum from a human patient with MERS kindly provided by Dr C Drosten, Institute of Virology, University of Bonn Medical Centre, Bonn (MERS-CoV ppNT 1:160); and sera from two experimentally infected macaques (ppNT titres 1:40) and a non-infected control macaque (ppNT <1:20) kindly provided by Bart Haagmans, Erasmus MC as reported previously [9] . Additional positive and negative controls used were sera from dromedary camels from Egypt previously found to be seropositive (ppNT 1:320) and sero-negative (ppNT<1:20) [9] . Antisera to BCoV from an experimentally inoculated gnotobiotic calf and guinea pig were provided by Dr. Linda Saif.
Results
Sera that were positive in the MERS-CoV ppNT test at a screening dilution of 1:20 are shown in Table 1 .
A gnotobiotic calf and guinea pig B CoV antisera that had a homologous reaction titre of ≥1:1,280 and 1:80 respectively, did not cross-neutralise MERS-CoV in either the MERS-CoV ppNT or MNT. None of the sheep, goat, cattle or chicken sera had any MERS-CoV ppNT activity while 280 of 310 (90%) dromedary camel sera were seropositive. The age-group and location of the camels tested and their serostatus in the screening assay are shown in Table 2 . While 47 of 65 (72%) of camels less than one year of age were seropositive, 233 of 245 (95%) of camels older than one year were seropositive to MERS-CoV in the ppNT test (chi-squared test, p<0.01).
A randomly selected subset of 54 ppNT seropositive sera and two ppNT negative sera were titrated by MERS-CoV ppNT, MERS-CoV MNT and BCoV MNT ( Twelve of the 50 cattle sera were randomly selected for BCoV MNT and 11 sera were positive (Table 4 ).
Discussion
This study was conducted Saudi Arabia, including in central and eastern provinces from which most of the human cases of MERS-CoV hitherto had been detected; in particular, the Al Ahsa region from where the largest cluster of human-to-human transmission of the disease has occurred [4] and the Riyadh region, which appears to host the greatest genetic diversity of MERS-CoV within Saudi Arabia [5] . None of the cattle, goat, sheep or chickens had any detectable antibody to MERS-CoV. While larger numbers of such livestock in the vicinity of confirmed cases of MERS need to be examined, our data do not indicate that these species of domestic livestock are commonly infected by MERS-CoV. As expected, BCoV antibody was common in cattle with 11 of 12 cattle sera having evidence of BCoV MNT antibody, but these sera did not cross-react with MERS-CoV.
Dromedary camels from the central province of Riyadh as well as the eastern province, Al Ahsa, had comparably high levels of seropositivity to MERS-CoV by ppNT tests. Camels less than one year of age had lower seroprevalence (72%) than those older than one year of age (95%) (p <0.01). Some dromedary camels have high titres to MERS-CoV in the absence of any reactivity to BCoV confirming that these animals are being infected by a virus very different to BCoV, which could be identical or closely related to MERS-CoV [8, 9] . Similarly, some animals appear to be infected by a BCoV-like virus without cross-reactivity to MERS-CoV. If we consider just the 'MERS-CoV specific' reactions, we observe that these animals are getting infected within the first year of life (Table 3) . Naturally infected cattle with BCoV titres of up to 1:640 and an experimentally infected calf with a titre of ≥1:1,280 had no cross-reaction to MERS-CoV in ppNT and MNT assays. Previously, we had shown that human sera with antibody to Severe Acute Respiratory Syndrome (SARS)-CoV failed to react with MERS-CoV, moreover SARS-CoV was not neutralised by dromedary camel sera with high antibody titres to MERS-CoV [9] . In contrast, while some dromedary camel sera had mono-specific reactions to either MERS CoV or BCoV, many sera have 'indeterminate' reaction profiles with reactivity to both MERS-CoV and BCoV (Table 3 ). It is possible that sequential infection of dromedary camels with different coronaviruses may lead to a broadening of the serological cross-reaction profile. Alternatively, it is possible that the unusual single chain immunoglobulins possessed by camels [10] may give broader serological cross-reactivity than is seen with other species. In any event, these findings highlight the importance of parallel titration of sera to both MERS-CoV and BCoV when interpreting seroepidemiological results.
The exact identity of this MERS-CoV-like virus can only be established by characterising this virus from dromedary camel specimens. As many of the dromedary camels sampled in this study were already seropositive to MERS-CoV, we did not attempt to detect viral RNA in the serum samples. There are (as yet unpublished) reports of detecting a MERS-CoV-like virus in camel specimens from Saudi Arabia and Qatar [2] . Assuming that MERS-CoV seropositivity in MNTs, irrespective of the infecting virus that leads to such seropositivity, correlates with resistance to, or reduced susceptibility to re-infection, these results would suggest that the search for virus in these animals should be focused on dromedary camels <1 year of age. Studies involving follow-up of herds of camels from time of calving though the first year of life with serial blood samples together with oral and rectal or fresh faecal swabs would better define the ecology of the MERS-CoV-like virus infecting these animals and provide virus for genetic characterisation. Such studies are a priority to determine whether dromedary camels are in fact a source of human MERS-CoV infection or whether they are being infected by a ubiquitous novel coronavirus closely related to MERS-CoV. As illustrated with SARS a decade ago and avian influenza A(H7N9) recently, identification of the animal source and the setting within which zoonotic transmission occurs can provide options for reducing repeated zoonotic transmissions and enhancing global public health. Finally, given the high titres of neutralising antibody to MERS CoV commonly seen in dromedary camels, serum from these animals may provide an option for passive immunotherapy of patients with MERS, from whom no specific antiviral therapy currently exists. 
